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ABSTRACT 
The t h i r d  phase of a program t o  develop understanding of an tolerance- 
level c r i t e r i a  f o r  the deleterious e f f ec t s  of e l ec t ros t a t i c  rocket exhaust 
(Cs, Cs , Hg, Hg ) impinging on typical classes of spacecraft surfaces has 
just commenced. Phase I was completed under Contract No. NAS 7-575, while 
Phase I1 was completed under the present contract. 
additional experiments and analysis leading t o  a modeling of contamination 
e f fec ts .  
+ + 
T h i s  phase will include 
Quartz crystal  microbalance experiments showed t h a t  condensed mercury 
is removed very rapidly by incident energetic ions, probably through evapora- 
tion. The i ne r t i a l  loading of RTV s i l i cone  rubber coatings on the crystal  
are not proportional t o  t h e i r  masses above -100°C.. . /  
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I .  I NT RODUCT I ON 
A. Background 
Elec t ros ta t ic  rockets emit par t ic les  into a t  l ea s t  2n steradians.  
Spacecraft (S/C) designers therefore require tolerance-level c r i t e r i a  fo r  
the almost inevitable interception o f  propellant and thruster par t ic les  by 
S/C surfaces. Dur ing  Phase I of this program, under Contract NAS7-575, a 
systematic analytical  study was made of the deleterious e f fec ts  of Hg, Hg , 
Cs, and Cs on spacecraft surfaces.’ Erosion o f  non-metallic surfaces by 
sputtering, degradation of thermal control coatings, chemical degradation of 
non-metallic surfaces,  and propellant condensation on so la r  ce l l  cover glasses 
were ident i f ied as l ike ly  t o  pose the most r e s t r i c t ive  design constraints.  
O f  the above areas,  quantitative constraints were generated fo r  condensation 
subsequent t o  the adsorption of the f irst  monolayer; the others were a t  the 
qua l i ta t ive  stage and required experimental study. 
f 
+ 
In Phase I1 of t h i s  program the necessary experimental f ix tures  were 
fabricated and exploratory experiments were performed.* These experiments 
provided a basis f o r  dismissing portions o f  some potential problem areas,  
suggested def in i t ive  experiments in other areas, and showed tha t  s t i l l  other 
areas require more complete exploration. Additional analysis of  potential 
problem areas demonstrated that‘ sputtered accelerator g r i d  material i s  an 
important thruster eff luent .  
Portions of the work completed t o  date have beer! summarized i n  pre- 
sentations t o  the e l e c t r i c  propulsion ~ o m m u n i t y ~ ’ ~  and i n  the archival 
1 i terature .  5 
B. Program Goal 
The goal of the present phase is  t o  accumulate additional experimental 
data necessary t o  develop physical and/or empirical models describing pro- 
pel lant  e f fec ts  on spacecraft surfaces. 
C. Program Approach and Scope 
Table I sumarizes  the potential problem areas of degradation of 
spacecraft  components by propellant interactions.  Since the fields of so la r  
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e l e c t r i c  spacecraft  design and component construction a re  constantly evolving, 
a se r i e s  of engineering material t e s t s  i n  each of these areas i s  not indicated. 
Rather, physical models of degradation e f fec ts  and extrapolatable data are 
needed t o  provide the bases fo r  tradeoff calculations and consideration of 
new materials and designs. 
provide these models and data w i t h  respect t o  cesium and mercury ion thrusters .  
For both of these propellant species,  the e f fec ts  of neutrals,  ions, and 
mixtures of neutrals and ions a re  important. 
I t  i s  the goal of this multi-phase program t o  
Table I .  Potential degradation of spacecraft 
components from impinging propellants. 
DEGRADATION 
MECHANISM .\
\ 
'ROPELLANT C O N  DEN SAT I O N  AND/OR 
iHRUSTER MATERIAL DEPOSITION 
CHEMICAL REACTION 
METALLURGICAL REACTION 
SPUTTERING EROSION 
RADIATION DAMAGE [DEPOSITION 
OFENERGY WITHIITSQLID~, E.G. IONS) 
POTENTIAL PROBLEM AREA 
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. I  
The program contains four work units; Metallurgy, Chemistry, Thermo- 
physics, and Low Thrust Propulsion. 
elucidating reactions between rocket eff lux and S/C metclls. The chemistry 
group has s imi la r  responsibi l i ty  w i t h  respect to  non-metallic S/C materials.  
The thermophysics group determines the surface thermal changes which occur 
i n  various thermal control coatings. 
responsible f o r  sput ter ing experiments, operation of the primary f a c i l i t y  
i n  which most experiments are  performed, and program management. 
The metallurgy group i s  charged w i t h  
The low thrust propulsion group i s  
D. Program Status 
Phase I11 of this program i s  just comnencing. Much of the present 
reporting period was consumed i n  preparing the Preliminary Draft of Volume I 
o f  the Final Report. Technical progress d u r i n g  the period i s  summarized in  
Section 11. 
I I .  LOW THRUST PROPULSION 
A. Quartz Crystal Microbalance 
1. Low temperature experiments. As discussed in Section V of 
Reference 2, a se r ies  of experiments a t  reduced QCM temperatures was i n -  
dicated by the r e su l t s  of the f i r s t  experimental se r ies .  
Crystal cooling was accomplished by passing cooled methanol through 
the tube brazed t o  the crystal  mounting plate.  
by a Haake 1280-1 constant temperature c i rcu la tor  w i t h  LWz flowing through 
i t s  refr igerat ion co i l .  
crystal  temperature as low as -75°C. Intermediate temperatures were obtained 
w i t h  the aid o f  the c i r cu la to r  bath heater,  a flow control valve, and a small 
heater mounted on the crystal  housing. 
The cold methanol was supplied 
This arrangement makes i t  possible t o  maintain the 
2 The experimental f a c i l i t y  can del iver  u p  t o  5 x l O I 4  atom/cm -sec a t  
the sample plane and s t i l l  remain w i t h i n  i t s  gravimetrically calibrated range. 
Figure VII-2 of Reference 2 shows t h a t  the  crystal  temperature-HgO ar r iva l  
r a t e  combi nations avai 1 ab1 e i ncl ude many whi ch would permi t bul k mercury 
I .  
condensation. 
however, i t  was usually necessary to clean the crystal '  surface by br ie f ly  
sputtering i t  before condensati on would proceed. This resul t was expected in 
Indeed, mercury 1 ayers were repeatedly condensed on the crystal  ; 
view of condensation theory and l i t e r a tu re .  1 ,  5 
A number of experiments were performed i n  which several kilohertz of 
mercury was condensed on the - -70°C crystal  ( a t  which temperature the re- 
evaporation r a t e  i s  very small} followed by a bombardment of this mercury layer  
w i t h  mercury ions. 
never been measured. 
targets  suggests t ha t  i t s  value a t  3 KeV is on the order of six. 
w i t h  the frozen mercury co l lec tor  on the SERT I1 thruster l i f e  tes t '  i s  
consistent w i t h  t h i s  estimate. Yet when the condensate was bombarded w i t h  
3 KeV Hg', some 100 mercury atoms were removed by each incident ion!  The 
magnitude of .  this value was emphasized a t  the end of each r u n  when the condensed 
mercury was gone and the aluminum substrate sput tered a t  the expected - 2 
atoms/i on. 
To our knowledge, the s e l f  sputtering yield of mercury has 
However, a study of the data on analogous ions and 
Experience 
I t  i s  very d i f f i c u l t  t o  understand t h i s  rapid removal of mass from 
the crystal  i n  terms of sputtering alone. However, i f  the mercury had con- 
densed on the conductively cooled crystal  i n  a way which afforded poor thermal 
conduction t o  i t ,  then rapid mass loss by evaporation would r e s u l t  when the 
N 300 w/cm ion beam power were incident. In f a c t ,  i f  - a l l  the i o n  beam 
power were dissipated through evaporation, i n  excess of 4,000 atoms would 
depart per incident 3KeV Hg'. From another point of view, i f  - a l l  mercury 
atoms departing the crystal  were evaporating from a mercury surface of the 
same area, the temperature of t h i s  surface would be of the order o f  9"C, a 
re la t ive ly  modest temperature. 
EH = 0.1 surface a t  this temperature, so t h a t  power diss ipat ion i n  this manner 
i s  negligible.)  
2 
(Note tha t  l i t t l e  power is  radiated from an 
Credibi l i ty  is  l e n t  this hypothesis by the f a c t  tha t  d i f f i cu l ty  was 
experienced i n  i n i t i a t i n g  mercury condensation. 
the desorption energy of mercury from a mercury surface exceeded tha t  from 
T h i s  is c lear  evidence t h a t  
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the aluminum substrate ,  a re la t ionship which i n h i b i t s  condensation in an 
orderly mono1 ayer-on-mono1 ayer process and enhances condensation i n  aggregates 
a t  nucleation s i t e s .  Thus one may picture the condensed mercury "layer" as 
consisting of globules o f  mercury rather  poorly attached t o  the crystal  sur- 
face. These "poor" attachments permi t the necessary temperature gradient to 
f orm . 
A consequence o f  the hypothesis t h a t  the r a t e  of ta rge t  mercury atom 
removal i s  dominated by evaporation i s  t h a t  the apparent sputtering yield be 
a l i n e a r  function o f  ion energy. For i f  
- 
'beam 'evap 
over the c rys t a l ,  and since 
and 
- f I  'evap - E~ evap 
where 
then 
EDf = the desorption energy o f  Hg f rom bulk Hg 
Data taken a t  0.5, 1.5, and 3 . 0  KeV was approximately l i nea r  w i t h  V+. 
Several other parameters were varied in  order to  fur ther  explore the 
adsorption and desorption processes involved. 
tu re  was varied from one condensation r u n  t o  the next to  see i f  changes i n  
Hg atom surface mobility would a f f e c t  the form and hence the apparent  
The substrate  (crystal  ) tempera- 
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, -  
sput ter ing yield of the condensate. 
the range of crystal  temperatures experimentally available.  In another ex- 
periment, a condensed layer of mercury was melted and refrozen. 
continued t o  o s c i l l a t e  w i t h o u t  discontinuity i n  i t s  frequency as i t  passed 
through -38OC. 
similar  t o  values previously obtained. 
duced in to  the vacuum chamber both prior t o  and during mercury condensation. 
No e f f e c t  was noted i n  e i t h e r  experiment. 
No marked changes were observed over 
The crystal  
The apparent sputtering yield of the refrozen mercury was 
Part ia l  pressures of O2 were intro-  
Regardless of the mechanisms involved, two practical  conclusions may 
be drawn from these experiments: 
1) Mercury does not readily condense on aluminum unless the 
aluminum i s  qui te  clean. 
2) Even when b u l k  mercury condensation has occurred on aluminum 
i t  i s  so eas i ly  removed by ion bombardment tha t  the level o f  
t a rge t  protection i s  insignif icant .  
A most in te res t ing  sequel t o  these experiments would be the substi- 
tut ion of gold or s i l v e r  f o r  the aluminum. 
these substrates ,  and presumably the s t ruc ture  of mercury condensed on them 
would be much influenced by t h a t  fac t .  
Mercury has an a f f i n i t y  for  
2. RTV-41 Target. In accordance w i t h  Item ( 2 )  of Technical 
Direction Memorandum No. 3,  the f e a s i b i l i t y  o f  preparing an RTV-41 ta rge t  
on the QCM was determined. 
d i t ions  placed on t h e i r  use are very r e s t r i c t ive .  
I t  i s  possible t o  prepare such ta rge ts ,  b u t  con- 
A number of methods were t r i ed  t o  spread a smooth t h i n  layer  of RTV-41 
on a c rys ta l .  
wiching, e t c . ,  b u t  these methods produced tkicknesses ranging from 0.003 t o  
0.050 inch, a l l  of which were f a r  too thick. 
inch thick i s  expected t o  be massive enough t o  stop the crystal  from os- 
c i l l a t i n g . )  
clamp (see Figure 1) yielded good resu l t s .  
provided paral le l  f l a t  jaws capable of considerable pressure. 
The methods t r i ed  were flowing, wip ing ,  squeegeeing, sand- 
(A  coating much over 0.0005 
The use of mylar as a re lease film and a micrometer as a pressure 
Using a micrometer as the clamp 
With  this h i g h  
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pressure, the RTV-41 was extraded t o  a thickness of approximately 0.003 inch. 
However, even w i t h  this t h i n  coating of RTV-41, the crystal  would not o sc i l l a t e  
unt i l  almost a l l  of the RTV had been removed from i t s  act ive area. Then the 
crystal  exhibited a much reduced amplitude of osc i l la t ion ,  which is related 
t o  i t s  Q ,  y e t  almost no frequency difference from tha t  o f  an uncoated crystal .  
MICROMETER JAWS 
(PRESSURE CLAMP) SILVER PLATING 
QUARTZ CRYSTAL 
0.002" MYLAR 
Figure 1. Scheme fo r  obtaining very t h i n  RTV 
coatings. 
I t  was concluded tha t  the f lex ib le  RTV was acting as a viscous damper. T h i s  
was l a t e r  confirmed when the c rys ta l ,  coated w i t h  another 0.0003-inch thick- 
ness of RTV-41, would o s c i l l a t e  when i t  was cold b u t  n o t  when i t  was warm. 
When the coated crystal  was cooled t o  -72°C i t  began t o  o sc i l l a t e  w i t h  very 
low Q. A t  -97°C the Q was s t i l l  low, b u t  usable (Q 10 times higher than a t  
72°C). A t  -133°C the Q was almost normal (Q 30 times higher than a t  -72"C), 
the osc i l l a to r  output being about 70 percent of t h a t  of an uncoated crystal .  
The crystal  A F  from room temperature and clean t o  -122°C w i t h  a 0.0003 thick 
RTV-41 coating on i t  was approximately 52 kHz. The theoretical  crystal  A F  
f o r  a 0.0003 inch thick RTV-41 coating i s  approximately 54 kHz. The 2 kHz 
could be accounted fo r  with the crystal  temperature character is t ic .  Some 
other viscous materials were t r i e d  on a crystal  t o  determine whether change 
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i n  Q b u t  not frequency characterized many viscous f lu ids .  
d i f fe ren t  viscosity s i l i con  o i l s ,  and s i l icon  grease showed resu l t s  s imilar  
t o  tha t  of RTV-41. 
Mater, two 
Therefore i t  i s  concluded t h a t  room temperature mass measurements w i t h  
a quartz crystal  microbalance whose crystal  has a coating of RTV-41 on i t  
are not feasible .  For a quartz crystal  microbalance t o  have a consistent 
mass-to-frequency relat ionship,  the mass must be r i g i d .  Coatings such as 
RTV rubber, l iqu ids ,  and other lossy materials have l i t t l e  e f fec t  on crystal  
resonant frequency b u t  great  e f f ec t  on amplitude of osci 11 a t i o n .  
many viscous and n o n - r i g i d  materials become r ig id  when cooled. 
measurements can be made of these materials if  i t  is permissible t o  operate 
the crystal  a t  or  below the temperature a t  which the coating becomes r i g i d .  
RTV-41 becomes r i g i d  enough t o  be usable on a QC, a t  -100°C; however, -130°C 
is  required t o  eliminate viscous damping. 
d i f f i cu l ty  of operating the QCM i n  this temperature regime, and the greater  
i n t e re s t  i n  metal l ic  QCM coatings, i t  i s  recommended t h a t  consideration of 
QCM experiments w i t h  RTV be discontinued. 
However, 
QCM mass 
In  view of the experimental 
111. WORK PLANNED FOR NEXT PERIOD 
The  next month will largely-'be occupied in  correcting and publishing 
Volume I of the Final Report, preparing the writ ten and verbal presentations 
t o  be given a t  the AIAA 8 t h  Electr ic  Propulsion Conference a t  Stanford 
University on September 2 ,  and program planning. 
Kapton, P V l O O ,  2-93, S13G, and 3M Velvet Black will commence. 
shut te r  will be f i t t e d  w i t h  an array of 5 j+ probes to record ion beam 
current density prior t o  and subsequent t o  surface thermal and multipurpose 
sample holder exposures. 
ins ta l led  and console wiring improved. 
Cesium imnersion t e s t s  of 
The sample 
The new accelerator gr id  power supply will be 
IV. CONCLUSIONS 
From the quartz crystal  microbalance experiments i t  may be concluded 
t h a t  
1 )  
2 )  
Mercury does not readily condense on aluminum unless the 
aluminum is qui te  clean. 
Even when bulk mercury condensation has occurred on aluminum 
i t  i s  so eas i ly  removed by ion bombardment t h a t  the level of 
ta rge t  protection is insignif icant .  
3) I t  i s  not feas ib le  t o  make mass measurements w i t h  an RTV coated 
c rys ta l  a t  room temperature; the crystal  m u s t  be colder than 
-100°C. Similar r e s t r i c t ions  a re  expected t o  hold f o r  other 
''lossy" coatings. 
V. RECOMMENDATIONS 
I t  i s  recommended t h a t  consideration of QCM experiments w i t h  RTV be 
discontinued i n  favor of experiments w i t h  gold or  s i l v e r  ta rge ts  and mercury 
propel 1 ant .  
VI. NEW TECHNOLOGY 
No new technology has been ident i f ied during the reporting period. 
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